INTRODUCTION {#SEC1}
============

Myocyte enhancer factor-2 (MEF2) is a member of the MADS-box super family of transcriptional regulatory proteins originally identified in skeletal muscle but are now an established component in the regulation of a diverse number of tissues, including smooth, cardiac and skeletal muscle, neurons and T cells ([@B1]--[@B4]). In vertebrates there are four MEF2 isoforms (A--D) which bind to the consensus sequence (*C/T* TA(A/T)~4~TA *G/A*) within the promoter/regulatory regions of genes to regulate gene transcription ([@B5],[@B6]). The transcriptional activation properties of MEF2 is regulated by a variety of post-translational mechanisms including regulation by MAPKs, such as p38 and ERK5 ([@B7]--[@B9]), and PKA ([@B10]), and also through interaction with class II HDACs which inhibit MEF2-dependent gene activation ([@B11],[@B12]).

The transcriptional networks underlying both cardiac and skeletal muscle gene expression require MEF2 during embryonic and fetal development and for post-natal control of gene expression for tissue homeostasis in adulthood ([@B13]--[@B16]). During embryonic development *Mef2* is expressed in the somite and the presumptive vertebrate heart in successive waves, beginning with *Mef2c* ([@B2]). This is followed shortly thereafter by *Mef2a* and *Mef2d*. MEF2A and MEF2C are required at different stages of the life cycle. Global deletion of *Mef2c* is embryonic lethal due to impaired heart morphogenesis ([@B13]) while *Mef2a* is necessary for post-natal function since gene targeting results in mitochondrial and contractile defects in the heart ([@B17]). *Mef2d* homozygous null mice have no phenotypic abnormalities unless exposed to cardiac stress ([@B18]). Due to the impaired development and embryonic lethality associated with *Mef2* null mice, tissue-specific conditional mutant mice have been useful in fully dissecting the role of MEF2 in a plethora of tissues. Interestingly, individual skeletal muscle deletion of *Mef2c*, but not *Mef2a* or *Mef2d* impairs proper muscle development in mice ([@B19],[@B20]). However, the MEF2 complex collectively has an important role in response to post-natal injury as a compound conditional deletion of *Mef2a, -c* and *-d* results in an inability to repair muscle after myotrauma ([@B16]). Additionally, MEF2 has been implicated in pathological heart hypertrophy in the adult by provoking the induction of fetal gene expression which is a hallmark of cardiomyocyte (CM) hypertrophy in the failing heart ([@B15][@B21]).

Functionally, cardiac and skeletal muscles share many properties and are similar in their reliance on a highly ordered sarcomeric structure. However, there are also important differences between the two lineages that are subserved by interrelated but also subtly different programs of gene expression. Since MEF2 is expressed in both cell types it represents a useful paradigm for studying common and non-overlapping patterns of gene expression targeted by a transcriptional regulatory complex. A number of very well characterized MEF2 target genes that encode a network of structural proteins in cardiac and skeletal muscle, such as Acta1, cTnT, MCK, MyHC and MyLC, are already known (reviewed in ([@B23])), and various large-scale surveys to identify MEF2 targets has been completed independently in skeletal and cardiac muscle ([@B24]--[@B26]); however, a detailed global inventory of MEF2 target genes in both tissues has not been done. A systematic comparison would provide a more complete picture of common and non-overlapping programs of MEF2-dependent gene expression. Moreover, an unbiased identification of MEF2 target genes may also reveal other properties of these lineages that are controlled by MEF2-dependent gene expression. It has been reported that MEF2 fulfills divergent roles in other cell types, such as neurons, B cells and T cells regulating processes, such as apoptosis and survival ([@B27]--[@B30]). Clearly, MEF2 targets a more diverse set of genes than previously thought, warranting an unbiased comparison of genomic targets in skeletal and cardiac muscle.

Thus, the primary goal of this study was to identify a complete set of MEF2 target loci in skeletal and cardiac muscle using chromatin immunoprecipitation (ChIP) coupled with high-throughput sequencing. The methodology used was ChIP-exo which utilizes exonuclease activity to digest unprotected DNA, and thereby provides refined sequencing data with high resolution identification of bound sequences ([@B31]). Here, we report ChIP-exo identified global genomic MEF2A target genes in differentiating myoblast (MB) cells and CMs. These studies characterize common and non-overlapping programs of MEF2-dependent gene expression and also reveal previously unanticipated functions of MEF2 in striated muscle.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture {#SEC2-1}
------------

C2C12 MBs and COS7 fibroblasts were obtained from American Type Culture Collection (ATCC). Cells were maintained in Growth Media (GM) consisting of Dulbecco\'s Modified Eagle\'s Medium (DMEM) with High Glucose and L-Glutamine (Hyclone) supplemented with 10% fetal bovine serum (FBS; HyClone) and 1% Penicillin/Streptomycin (Invitrogen). C2C12 were induced to differentiate in differentiation medium (DM) containing DMEM/High Glucose/L-Glutamine supplemented with 2% Horse Serum (Hyclone) and 1% Penicillin/Streptomycin for the indicated time. Primary neonatal CMs were prepared from 1- to 3-day-old rats using the Neonatal Cardiomyocyte Isolation System (Worthington Biochemical Corp). Briefly, whole hearts were dissociated with trypsin (Promega) and collagenase (Worthington Biochemical Corp). The cells were re-suspended in F12 DMEM (Gibco) supplemented with 10% FBS, 1% Penicillin/Streptomycin and 50 mg/l gentamycin sulfate (Invitrogen). The isolated cells were plated for 60 min at 37°C, allowing differential attachment of non-myocardial cells. CMs were counted and transferred to pre-gelatin coated 60-mm plates. The day after, medium was removed and replaced with fresh medium. All cells were maintained in an humidified, 37°C incubator at 5% CO~2~. Pharmacological drug treatments were completed for the indicated times and replenished with fresh medium every 24 h.

Transfections {#SEC2-2}
-------------

COS7 were transfected using the calcium phosphate precipitation method. Cells were then harvested 48 h post-transfection. For siRNA experiments in C2C12 Lipofectamine (Invitrogen) was used according to the manufacturer\'s instructions. Cells were then harvested 24 h later or the media was changed to DM. Neonatal CMs were transiently transfected with siRNA using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer\'s instructions.

Plasmids {#SEC2-3}
--------

Expression plasmids for pcDNA3-MEF2D, pCMV-dsRed2, pMT3-p38 and pcDNA3-MKK6ee have been described ([@B10],[@B32]). The following reporter constructs were used: pRL-Renilla (Promega) and pGL3Basic-*Dusp6*-Luciferase (1010 bp; ([@B33])).

Antibodies and reagents {#SEC2-4}
-----------------------

Rabbit polyclonal MEF2A antibody has been previously described ([@B34]). The following antibodies were purchased from Santa Cruz: actin (sc-1616), dsRed (sc-33354), MEF2A (sc-313X; used in ChIP), donkey anti-goat IgG-horseradish peroxidase (IgG-HRP) (sc-2020), ERK-1 (sc-93). The following antibodies were obtained from Cell Signaling: p38 (9212), phospho-p38 (9211), phospho-ERK1/2 (4370). Myogenin (clone F5D) monoclonal antibody was provided by the Developmental Studies Hybridoma Bank (DSHB). Goat anti-rabbit IgG-HRP (170--6515) and goat anti-mouse IgG-HRP (170--6516) were from Bio-Rad Laboratories. The remaining antibodies are as follows: MEF2D (BD Biosciences, 610775), DUSP6 (Abcam, ab76310), Rabbit IgG (Millipore, 12--370), IRDye 680RD goat anti-rabbit (LiCOR) and IRDye 680RD goat anti-mouse (LiCOR). SB 202474 (Santa Cruz) and SB 203580 (Cell Signaling) was used at a concentration of 5 μM.

siRNA {#SEC2-5}
-----

Knockdown of target genes was done using siRNA obtained from Sigma-Aldrich and are listed in Supplementary Figure S4. In C2C12 siRNA was transfected at the following concentration: *Mef2a* (30 nM), *Mef2d* (70 nM), *Atp1a2*, *Dusp6*, *Hspb7*, *Kitl*, *Lmod3*, *Mctp2*, *Prrx1*, *Sorbs2*, *Tmem182* and *Tprg* at 50 nM. In CMs siRNA were transfected at a final concentration of 200 nM.

Immunoblots {#SEC2-6}
-----------

Cells were washed with 1× phosphate buffered saline (PBS) and lysed in NP-40 lysis buffer (50 mM Tris, 150 mM NaCl, 0.5% NP-40, 2 mM ethylenediaminetetraacetic acid (EDTA), 100 mM NaF and 10 mM Na pyrophosphate) containing protease inhibitor cocktail (Sigma-Aldrich), 1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich) and 1 mM sodium orthovanadate (Bioshop). Protein concentrations were determined by Bradford assay (Bio-Rad). Note that 20 μg of total protein were resolved on 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto Immobilon-FL Polyvinylidene Difluoride (PVDF) membrane (Millipore) for 1 h or overnight. Non-specific binding sites were blocked using 5% milk in PBS or tris buffered saline (TBS) containing 0.05% Tween-20 (TBS-T). Membranes were incubated with primary antibodies overnight at 4°C in 5% milk in PBS or 5% Bovine Serum Albumin (BSA) in TBS-T. HRP-conjugated secondary antibody was added for 1 h at room temperature. Protein was detected with Enhanced Chemiluminescence (ECL) western blotting substrate (Pierce). In CMs, immunoblots were performed as described above except antibodies were incubated with Odyssey Blocking Buffer (LiCOR) and membranes were imaged using the LiCOR Odyssey System.

Luciferase analysis {#SEC2-7}
-------------------

Cells were washed with 1× PBS and then lysed in Luciferase Lysis Buffer (20 mM Tris pH 7.4 and 0.1% Triton X-100). Lysate was briefly vortexed and centrifuged at maximum speed for 15 min at 4°C. Enzymatic activity was measured in each sample on a luminometer using Luciferase assay substrate (E1501, Promega) or Renilla assay substrate (E2820, Promega). Immunoblots of luciferase extracts contained equal volumes from each triplicate.

ChIP {#SEC2-8}
----

Methods were carried out as described previously described ([@B35]); however, a third Immunoprecipitation (IP) Wash Buffer was added (IP Wash Buffer III; 20 mM Tris pH 8.1, 250 mM LiCl, 1% NP-40, 1% deoxycholate and 1 mM EDTA).

RNA extraction {#SEC2-9}
--------------

Total RNA was extracted from cells using the RNeasy Plus Mini kit (Qiagen) and Qiashredder (Qiagen). RNA was converted to cDNA using Superscript III (Invitrogen) according to the manufacturer\'s instructions.

Quantitative polymerase chain reaction (qPCR) {#SEC2-10}
---------------------------------------------

Note that 2.5 μl gDNA or cDNA was combined with iTaq universal SYBR Green supermix (Bio-Rad) and 500 nM primers in a final volume of 20 μl. cDNA was diluted 1:10 in Nuclease-free water (Ambion) prior to use. Each sample was prepared in triplicate and analyzed using Rotor-Gene Q (Qiagen). Parameters for quantitative reverse transcriptase-PCR (qRT-PCR): 30 s 95°C, \[5 s 95°C, 30 s 60°C\] × 40 cycles. Parameters for ChIP-qPCR: 5 min 95°C, \[5 s 95°C, 15 s 60°C\] × 40 cycles. Fold enrichment (ChIP-qPCR) and fold change (qRT-PCR) was quantified using the ΔΔCt method. In cardiomyocytes, ChIP-qPCR data is presented as percent input. Primers used in ChIP-qPCR and qRT-PCR are listed in Supplementary Figures S5 and S6, respectively.

ChIP-exo {#SEC2-11}
--------

Note that 15 × 10^6^ C2C12 (48 h DM) and 8 × 10^6^ primary rat CMs were prepared for ChIP-exo as follows: Cells were washed with 1× PBS and treated with 37% formaldehyde (Sigma-Aldrich) for 15 min at 37°C. The cell pellet was isolated similar to ChIP-qPCR as previously described ([@B35]). DNA was sonicated to ∼250 bp in length. Cross-linked chromatin was sent to Peconic Genomics with 5 μg anti-MEF2A (Santa Cruz) and Rabbit IgG (Millipore). Peconic Genomics completed ChIP-exo as previously described ([@B31]) and the resulting samples were sequenced on the Illumina HiSeq 2000 platform. Illumina CASAVA software was used for base calling and sequencing reads were aligned to the mm10 (MBs) or rn5 (CMs) genome assembly using BWA 0.5.9 ([@B36]). Raw data were filtered for a quality score of 37 using SAMtools ([@B37]), and duplicates were removed using Picard (<http://picard.sourceforge.net/>). MACS 1.4.2 was used to do peak calling analysis ([@B38]). To identify MEF2A target genes in skeletal and cardiac muscle corresponding to peak location, MEF2A enrichment peaks identified in MACS were converted to mm9 using UCSC LiftOver ([@B39]).

RNA-seq {#SEC2-12}
-------

C2C12 were transfected with 30 nM of *Mef2a* siRNA-2 or scrambled control and RNA was then isolated at 48 h DM, as described above, in duplicate. A total of 5 μg of purified RNA was delivered to McGill University and Genome Quebec Innovation Centre (MUGQIC) for cDNA library preparation (Illumina TruSeq mRNA sample preparation kit), RNA-sequencing (Illumina HiSeq 2000; 100 bp paired-end reads; 4 samples per lane) and bioinformatic analysis. The bioinformatic pipeline included Illumina CASAVA software, Trimmomatic ([@B40]), and TopHat/Bowtie ([@B41]). Sequencing reads were aligned to the mm10 genome assembly. HTSeq-count generated raw read counts which were used to identify differentially expressed genes using edgeR ([@B42]) and DESeq ([@B43]).

RESULTS {#SEC3}
=======

ChIP-exo analysis of MEF2A target genes in skeletal and cardiac muscle identifies overlapping regulatory domains with divergent gene function {#SEC3-1}
---------------------------------------------------------------------------------------------------------------------------------------------

To identify novel MEF2A target genes in skeletal and cardiac muscle, ChIP-exo was performed in differentiating cultured C2C12 MBs (48 h DM) and primary CMs using a MEF2A-specific antibody or a rabbit IgG control (Figure [1A](#F1){ref-type="fig"}). C2C12 MBs fuse into multinucleated myotubes when grown in low serum DM. During the initial phase of myogenesis MEF2A and MEF2D expression increases (Supplementary Figure S1); therefore, ChIP-exo was performed at 48 h DM, a time at which MEF2 transcriptional activity has been documented to be high.

![Identification of MEF2A target genes in MBs and CMs using ChIP-exo. **(A)** Workflow of ChIP-exo analysis. C2C12 (48 h DM; MB) and primary CMs were collected to identify MEF2A target genes using ChIP-exo. A non-specific IgG antibody was used as a control. **(B)** The number of common MEF2A enriched peaks in MB and CM identified in ChIP-exo are indicated in a Venn diagram. **(C)** The percentage of peaks within the proximal promoter (±5 kb), upstream (−5 to −50 kb), downstream (+5 to +50 kb) or intergenic region (\>50 kb from any annotated gene) identified in ChIP-exo using GREAT. Location is relative to the TSS. **(D)** The five most dominant transcription factor binding motifs found within MEF2A-enriched peaks as determined by CENTDIST (*P*-value \< 0.05). **(E)** Biological Processes and Cellular Component GO terms of MEF2A enriched peaks from MB and CM.](gku813fig1){#F1}

Of the 2783 and 1648 MEF2A peaks discovered in MBs and CMs, respectively, 294 common enrichment peaks were identified (Figure [1B](#F1){ref-type="fig"}; Supplementary Tables S1--S3). Nearby genes were identified using Genomic Regions Enrichment of Annotations Tool (GREAT; ([@B44])) using the 5 + 1 kb basal promoter with 1 Mb extension rule. Based on this analysis it was possible for some MEF2A peaks to be associated with more than one gene. The 294 common MEF2A binding peaks corresponded to 473 putative MEF2A target gene associations in skeletal and cardiac muscle. Region-gene associations of MEF2A peaks were then compared using five different parameters relative to the transcription start site (TSS): proximal promoter (±5 kb), upstream (−5 to −50 kb), downstream (+5 to +50 kb), intergenic (\>50 kb from any gene) or no gene association (Figure [1C](#F1){ref-type="fig"}). The pattern of MEF2A recruitment to different regions of the genome in skeletal and cardiac muscle was relatively similar. Approximately only 7% of MEF2A peaks in both cell types were associated with the proximal promoter while nearly 63% of all MEF2A peaks were found in the intergenic region.

Further analysis using CENTDIST ([@B45]) revealed common transcription factor motifs within MEF2A enrichment peaks (*P*-value \< 0.05; Figure [1D](#F1){ref-type="fig"}). The top two motifs within skeletal and cardiac peaks were MEF2 and AP-1. CREB and BACH motifs were also prevalent in both data sets, however, it is noted that the BACH motif is quite similar to AP-1. Interestingly, AP-1 motifs were also found to be enriched in a genome-wide screen of MyoD binding sites in skeletal muscle ([@B46]). E-box motifs were also enriched in skeletal muscle but ranked position 13.

Finally, the functional role of MEF2A target genes was assessed using Gene Ontology (GO) analysis to identify terms enriched in either Biological Processes or Cellular Component annotations determined in GREAT (Figure [1E](#F1){ref-type="fig"}; Supplementary Tables S1 and S2). Enriched Cellular Component GO terms were similar in skeletal muscle and CMs with annotations such as Contractile Fiber and Myofibril. GO terms associated with Biological Processes was the first analysis that suggested MEF2A had a different role in skeletal and cardiac tissue, targeting genes that affected MAP kinase activity or apoptosis, respectively. Both cell types, however, were associated with actin organization.

RNA-seq analysis of MEF2A depleted MBs reveals multiple MEF2 gene networks in regulating cell processes {#SEC3-2}
-------------------------------------------------------------------------------------------------------

To further interrogate the identification of MEF2A target genes, RNA-seq analysis was performed in C2C12 (48 h DM) depleted of MEF2A using siRNA-mediated gene silencing and compared to a scrambled siRNA control (Figure [2A](#F2){ref-type="fig"}). Efficiency of MEF2A knockdown at this time point was assessed using immunoblotting comparing two independent siRNAs programmed to target MEF2A (Figure [2B](#F2){ref-type="fig"}). siMEF2A-2 was subsequently used in RNA-seq analysis which resulted in 828 down-regulated and 452 up-regulated genes (edgeR *P*-value \< 0.05; Supplementary Table S4). The functional role of MEF2A was assessed using GO::TermFinder ([@B47]) to identify enriched GO Biological Processes, however, the up- and down-regulated genes were assessed separately. Figure [2C](#F2){ref-type="fig"} shows the top five GO Biological Processes enriched in each group. This segregation revealed two different roles of MEF2A: Not only does loss of MEF2A lead to a down-regulation of muscle function, as has been previously shown, but also results in the unanticipated up-regulation of genes associated with cellular migration and locomotion, a cellular process previously not associated with MEF2 function.

![RNA-seq analysis of MEF2A depleted skeletal MBs. **(A)** RNA-seq analysis workflow. MB were transfected with 30 nM of siMEF2A-2 or a scrambled siRNA control. Samples were prepared for RNA-seq analysis in duplicate. Differentially expressed genes were assessed using edgeR *P*-value \< 0.05. **(B)** Two different siRNA targeting *Mef2a* were transfected into MBs at 30 nM and allowed to differentiate for 48 h in DM. Cells were harvested and protein was extracted to assess changes in MEF2A using immunoblotting. **(C)** Distinguished roles for MEF2A in skeletal myogenesis were revealed when up- and down-regulated genes were grouped separately prior to GO (Biological Processes) term analysis. **(D)** The differentially expressed genes that were also identified as MEF2A target genes in MB were determined (ChIP (+)). Differentially expressed genes that were not identified as MEF2A targets are labeled ChIP (−). **(E)** Binding profiles of MEF2A recruitment to associated genes in MB based on their differential expression in RNA-seq analysis. The raw gene count is indicated within each section.](gku813fig2){#F2}

The differentially expressed genes identified in RNA-seq were compared with those enriched in ChIP-exo analysis in MB (Figure [2D](#F2){ref-type="fig"}). Up- and down-regulated genes were separated and then grouped as either ChIP (−) or ChIP (+). As expected, a number of MEF2A target genes identified in ChIP-exo were also found to be differentially regulated in MEF2A depleted MBs. A total of 190/828 down-regulated genes and 121/452 up-regulated genes were found to be MEF2A targets in ChIP-exo. The location of each MEF2A enrichment peak of these differentially expressed genes was then assessed (Figure [2E](#F2){ref-type="fig"}). Genes were grouped into four bins based on the location of the MEF2A enrichment peak relative to the TSS: ±5 kb, −5 to −50 kb, +5 to +50 kb and \>50 kb. This classification revealed that the majority of MEF2A recruitment to down-regulated genes occurs equally within the ±5 kb, −5 to −50 kb and +5 to +50 kb regions. In contrast, ∼65% of genes that were up-regulated in response to MEF2A knockdown were associated with MEF2A enrichment peaks \>50 kb from the TSS. MEF2A recruitment to the proximal promoter (±5 kb) of up-regulated genes was less than 5%.

Functional analysis of MEF2A target genes {#SEC3-3}
-----------------------------------------

To investigate whether MEF2A shared novel target genes in cardiac and skeletal muscle, the differentially expressed genes identified in RNA-seq were grouped in a similar classification to Figure [2D](#F2){ref-type="fig"}, however, MEF2A target genes in CM were included. Three divisions of differentially expressed genes were established: ChIP (−), ChIP (+) MB and ChIP (+) MB and CM. Only 4% of differentially expressed genes were identified as MEF2A target genes in MB and CM (Figure [3A](#F3){ref-type="fig"}). This corresponded to 38 down-regulated and 20 up-regulated genes (Supplementary Table S4). From this list, 10 putative MEF2A target genes were selected for further study. The position of MEF2A recruitment relative to the TSS of each gene is shown in Figure [3B](#F3){ref-type="fig"}. The presence of a MEF2 consensus sequence within 1 kb of the enrichment peak is also indicated.

![Functional analysis of MEF2A target genes. **(A)** The percentage of differentially expressed genes in MB that were also identified as MEF2A target genes (ChIP (+)) in MB alone or MB and CM. **(B)** Comparative analysis of 10 putative MEF2A target genes. Selected genes were differentially expressed in RNA-seq analysis in MB and shared overlapping MEF2A enrichment peaks in MB and CM. The locations of common MEF2A recruitment peaks relative to the TSS and nearby MEF2 consensus sequences are indicated. **(C)** MEF2A recruitment was assessed in C2C12 (48 h DM) using ChIP-qPCR. *Acta2* was used as a negative control locus. Error bars represent ±SD, *n* = 3. **(D)** Screenshot from IGV depicting C2C12 ChIP-exo read density and MACS peak calls. Read densities are in purple, MACS peak calls are in black and RefSeq genes are in blue. **(E)** Two different siRNA targeting *Mef2a* were transfected into C2C12 at 30 nM and allowed to differentiate for 48 h in DM. Cells were harvested and RNA was extracted to assess changes gene expression using qRT-PCR. Samples were normalized to *β-actin*. Error bars represent ±SD, *n* = 3. **(F)** Knockdown of individual target genes in MB. C2C12 were transfected with 50 nM siRNA and harvested 24 h later. mRNA was assessed similar to that in (E).](gku813fig3){#F3}

To validate that the identified genes from ChIP-exo and RNA-seq were true MEF2A target genes, *Dusp6* (dual specificity phosphatase 6), *Hspb7* (heat shock protein family, member 7)*, Kitl* (kit ligand), *Lmod3* (leiomodin 3) and *Prrx1* (paired related homeobox 1) were chosen for further study. Only *Kitl*, *Lmod3* and *Hspb7* contain nearby MEF2 consensus sequences. We confirmed MEF2A recruitment to these genes using gene targeted ChIP-qPCR in C2C12 at 48 h DM (Figure [3C](#F3){ref-type="fig"}). Primers were designed to flank the MEF2A enrichment peak or the nearby MEF2 consensus sequence (if present). Figure [3D](#F3){ref-type="fig"} represents, for each gene, the ChIP-exo sequencing read density in C2C12 as well as MACS peak calls, and was prepared using the Integrative Genome Viewer (IGV; ([@B48])). In some cases, genes had more than one enrichment peak. For example, MEF2A was recruited to two locations upstream of *Dusp6* at ±5 kb and −5 to −50 kb in both CM and MB. In this case, we focused on the more proximal binding event 150 bp upstream from the TSS in ChIP-qPCR analysis. *Prrx1*, however, had three MEF2 binding events in MB but only one (+91 kb; MACS_peak_212) had a common binding event in CM. Using ChIP-qPCR we detected variable MEF2A recruitment at all genes compared to *Acta2*. Interestingly, the level of MEF2A recruitment to target genes in Figure [3C](#F3){ref-type="fig"} corresponded to similar enrichment patterns detected in ChIP-exo.

Two independent MEF2A siRNAs were individually transfected into MB. At 48 h DM the expression of three up- (*Kitl*, *Prrx1* and *Dusp6*) and two down-regulated (*Hspb7* and *Lmod3*) genes were then assessed (Figure [3E](#F3){ref-type="fig"}). Similar to RNA-seq results, loss of MEF2A resulted in the down-regulation of *Lmod3* and *Hspb7*. Conversely, *Dusp6*, *Prrx1* and *Kitl* were up-regulated in response to MEF2A knockdown. Interestingly, MEF2D was also shown to be recruited to *Prrx1*, *Lmod3* and *Hspb7* in MBs and these genes were differentially expressed in response to MEF2D overexpression ([@B26]).

To begin to understand the functional role of these putative MEF2 target genes we used siRNA gene silencing to suppress the expression of *Atp1a2* (ATPase, Na+/K+ transporting, alpha 2 polypeptide), *Dusp6*, *Hspb7*, *Kitl*, *Lmod3*, *Mctp2* (multiple C2 domains transmembrane 2), *Prrx1*, *Tmem182* (transmembrane protein 182), *Sorbs2* (sorbin and SH3 domain containing 2) and *Tprg* (transformation related protein 63 regulated) and determined their role in myogenesis by assessing changes in *Myogenin* expression in MBs as a readout of the irreversible commitment to myogenic induction (Figure [3F](#F3){ref-type="fig"}). Prior to this, the efficiency of knockdown of each target gene was determined using three siRNAs labeled A--C (Supplementary Figure S2). The two with the most efficient knockdown of the targeted gene product were selected to assess *Myogenin* expression. The knockdown of a number of these genes resulted in down-regulation of *Myogenin* expression in MBs in GM. In particular, loss of *Hspb7* and *Kitl* reduced *Myogenin* by 50% indicating that a number of the identified MEF2 target genes are crucial for efficient myogenic differentiation and their precise role in the myogenic program remains to be characterized.

DUSP6 is a novel MEF2 target gene in cardiac and skeletal muscle {#SEC3-4}
----------------------------------------------------------------

We were particularly interested in the identification of *Dusp6* as a MEF2A target since it was shown to be necessary in regulating the skeletal muscle satellite cell population and has also been implicated in cardiac hypertrophy ([@B49],[@B50]). Based on the overlap of MEF2 recruitment to the *Dusp6* promoter in MBs and CMs and its relative location in relation to other transcriptional regulatory domains of the *Dusp6* gene locus ([@B33]), *Dusp6* was selected for further mechanistic analysis in terms of how it is regulated by MEF2.

To confirm that *Dusp6* is also a MEF2A target gene in CMs ChIP-qPCR was done in primary CMs (Figure [4A](#F4){ref-type="fig"}). This analysis confirmed that MEF2A is recruited to a shared location within the *Dusp6* promoter in both MBs and CMs. Furthermore, MEF2A or MEF2D depletion from CMs (Figure [4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}) or MBs (Figure [4D](#F4){ref-type="fig"}) and corresponding DUSP6 expression was assessed in immunoblot analysis. Knockdown of either MEF2 subunit in CMs dramatically increased DUSP6 expression (Figure [4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}). Although loss of MEF2A at 48 h DM up-regulated *Dusp6* transcription in MBs (Figure [3B](#F3){ref-type="fig"}), at the protein level, DUSP6 was unaffected by knockdown of MEF2A in C2C12 (24 h DM; Figure [4D](#F4){ref-type="fig"}) and we suspect this is a temporal lag in response to the knockdown. In contrast, loss of MEF2D (the heterodimeric partner of MEF2A in MBs ([@B51])) increased DUSP6 expression.

![siRNA mediated gene silencing of MEF2 in CMs or MBs induces DUSP6 expression. **(A)** MEF2A is recruited to the *Dusp6* promoter in primary CMs. *Gapdh* was used as a negative control locus. Error bars represent ±SD, *n* = 3. **(B)** Knockdown of MEF2A or MEF2D **(C)** in primary CMs up-regulates Dusp6 expression. siRNA was added at a final concentration of 200 nM. Protein was harvested and analyzed by immunoblotting with the indicated antibodies. **(D)** Knockdown of MEF2D up-regulates DUSP6 expression in MB. *Mef2a* or *Mef2d* were targeted using 30--70 nM siRNA. C2C12 were harvested at 24 h DM for immunoblot analysis.](gku813fig4){#F4}

Regulation of DUSP6 by MEF2 is p38MAPK-dependent in MBs {#SEC3-5}
-------------------------------------------------------

DUSP6 is a dual specificity protein phosphatase, predominately targeting ERK1/2 activity ([@B52],[@B53]). Interestingly, *Dusp6* expression is mediated by growth factors and ERK1/2 activation in a negative feedback loop ([@B33],[@B54]). Upon serum withdrawal in C2C12 MBs we observed a decrease in DUSP6 expression during the initial phase of myogenesis (Figure [5A](#F5){ref-type="fig"}) under conditions when we have previously documented that MEF2 protein levels and DNA binding activity are increasing ([@B55]). In addition, there was a corresponding decrease in ERK1/2 activity and activation of p38MAPK. Since MEF2 becomes activated in part due to phosphorylation by p38MAPK ([@B7]) and there is an inverse relationship between DUSP6 expression and p38MAPK activity, we sought to determine whether p38MAPK also has a role in regulating *Dusp6.* C2C12 were treated with a well characterized p38MAPK inhibitor SB 203580 (5 μM) or its inactive analogue SB 202474 as a control. A time course treatment of MBs with or without SB 203580 treatment revealed that while p38MAPK inhibition blocked myogenesis, as shown by a decrease in Myogenin expression, this was accompanied by an up-regulation of DUSP6 (Figure [5B](#F5){ref-type="fig"}). MEF2A and MEF2D are down-regulated in response to SB 203580 treatment, probably as a result of an overall delay in myogenesis (Supplementary Figure S3). To determine whether p38MAPK was acting directly through MEF2 to modulate DUSP6 expression, C2C12 were transfected with two sets of siRNA targeting *Mef2a* or *Mef2d* and then treated with SB 203580 for 24 h in DM (Figure [5C](#F5){ref-type="fig"}). p38MAPK inhibitor treatment consistently up-regulated DUSP6, with or without MEF2A. In MEF2D depleted cells, however, SB 203580 treatment did not have any effect. Our interpretation of these data, in contrast to the usual potentiating effect of p38MAPK on MEF2 activity, is that MEF2D is required for the p38MAPK-dependent repression of DUSP6.

![MEF2D inhibits DUSP6 in a p38MAPK-dependent manner in MBs. **(A)** C2C12 were allowed to differentiate, harvested at the times specified and analyzed by immunoblotting with the indicated antibodies. **(B)** Myogenesis is inhibited when C2C12 are treated with p38MAPK inhibitor SB 203580 (5 μM). Media was changed to DM for the indicated time and protein was assessed by immunoblotting. Control cells were treated with an inactive analogue, SB 202474. **(C)** C2C12 were transfected with 30 nM siMEF2A or 70 nM siMEF2D and treated with SB 203580 (5 μM) for 24 h in DM. Cells were harvested as described above. **(D)** COS7 were transfected with *Dusp6*-luc and the indicated plasmids. One day after transfection cells were treated with 5 μM SB 203580 or inactive analogue for 24 h. Luciferase values were normalized to Renilla. Error bars represent ±SEM, *n* = 3. Corresponding immunoblots are shown. **(E)***Dusp6* is negatively regulated by MEF2D in a p38MAPK-dependent manner.](gku813fig5){#F5}

To test this novel observation further in a carefully controlled reconstruction assay we transfected COS cells (as a neutral cell type to circumvent endogenous regulation by factors in MBs) with a *Dusp6* promoter construct, *Dusp6*-luc (1010 bp; ([@B33])), with or without a constitutively active MKK6 (MKK6ee to activate p38MAPK), p38MAPK or MEF2D. The results of this assay were unequivocal in that individually, MEF2D and activated p38MAPK activate expression of the *Dusp6* reporter gene but when transfected in combination, MEF2D and activated p38MAPK cannot induce expression of *Dusp6*-luc (Figure [5D](#F5){ref-type="fig"}). Also, SB 203580 treatment reverses this effect by enhancing *Dusp6* reporter gene activation, further supporting the direct involvement of p38MAPK in this negative regulation. Simultaneous immunoblot analysis of this experiment shows that MKK6ee/p38MAPK induce the previously well characterized post-translational modifications (PTMs) of MEF2 ([@B34]) and SB 203580 treatment reverses these PTMs as expected (Figure [5D](#F5){ref-type="fig"}). Collectively, these data lead us to the novel conclusion that p38MAPK signaling to MEF2D leads to transcriptional repression of the *Dusp6* promoter (Figure [5E](#F5){ref-type="fig"}).

DISCUSSION {#SEC4}
==========

Using forefront methods in genomic analysis we have characterized the panoply of MEF2A genomic targets in striated muscle. Moreover, by coupling this chromatin-based genome-wide analysis of MEF2A DNA binding to MEF2A gene silencing and RNA-seq we have been able to comprehensively catalog both direct and indirect genomic targets of MEF2. These data identify some novel aspects of MEF2 function that have, thus far, not been appreciated. Particularly, this comparative analysis will lead to new directions in understanding the function of MEF2 in a variety of contexts in its role as an important regulator of gene expression in all muscle types, neurons and immune system cells, both during development and in a variety of post-natal physiological and pathological circumstances. In addition, more detailed analysis by gene silencing of some of the identified MEF2A target genes led us to identify a number of downstream targets that fulfill a potentially important role in the myogenic program. Finally, mechanistic studies concerning the regulation of the *Dusp6* locus by MEF2 has led us to the novel conclusion that p38MAPK-MEF2 signaling leads to repression of DUSP6 expression during the myogenic cascade.

ERK1/2 inactivation through DUSP6 expression has been linked to pluripotency in embryonic stem cells ([@B56]), cardiac hypertrophy ([@B49],[@B57]) and the satellite stem cell pool in muscle ([@B50]). Therefore, there is an evident requirement of DUSP6 to down-regulate ERK1/2 signaling in the very early phases of differentiation. In skeletal muscle cells p38MAPK and ERK1/2 exhibit inverse activity: in growth conditions, p38MAPK is inactive and ERK1/2 is active ([@B58]), however, upon the withdrawal of growth factors, p38MAPK becomes active, ERK1/2 is inhibited and the myogenic cascade proceeds. The results presented here may be linked to a previously reported biphasic role for ERK1/2 in muscle in which ERK1/2 is implicated in proliferation of MBs under growth conditions but also in differentiation conditions in myotube fusion ([@B59],[@B60]). In this model DUSP6 expression itself has to be extinguished for the myogenic program to proceed and for ERK1/2 involvement in MB fusion later in the program. Our contention is, therefore, that the induction of MEF2 and p38MAPK activity at the onset of differentiation is required for the transcriptional suppression of *Dusp6* which then allows myogenesis to proceed.

The canonical interpretation of the p38MAPK-MEF2 signaling pathway has, so far, been that when covalently modified by p38MAPK-mediated phosphorylation, MEF2 transcriptional activation properties are enhanced ([@B7]); however, as alluded to above, our data illustrate that MEF2D represses *Dusp6* expression in a p38MAPK-dependent manner. Interestingly, this potently repressive role of MEF2 at some genes may also clarify the previously unexplained observation that in a compound transgenic in which the MEF2 sensor mice were bred with *Mef2a* homozygous nulls, an unexpectedly high β-Galactosidase staining was observed in some tissues in the mice ([@B17]). This observation is consistent with a potent repressive effect of MEF2 in certain cellular contexts. Indeed, there have been several negative regulators of MEF2 identified including HDAC4 ([@B11]), Cabin1 ([@B61]), MITR ([@B62]), HIPK2 ([@B63]) and PKA ([@B10],[@B64]), however, it is unclear at this point how p38MAPK can lead to MEF2-mediated transcriptional repression. Indeed, primary limb mesenchymal cultures treated with p38MAPK inhibitor also exhibited enhanced MEF2 activity which implies that the regulation of MEF2 activity by p38MAPK activity is not as straightforward as previously thought ([@B65]).

*Dusp6* provides not only an example of a common MEF2 target gene in skeletal and cardiac muscle but also demonstrates the complex role of MEF2 as a heterodimer. Characterization of binding sites of the single *Mef2* gene in *Drosophila* using ChIP-chip and mutagenesis first revealed that MEF2 has a more significant role in muscle development than originally thought and further showed that MEF2 activity is regulated in a complex manner to function differently at certain developmental timepoints ([@B66]). In vertebrate development, it is not surprising that with four *Mef2* genes, the complexity of MEF2-dependent gene expression increases. With respect to the role of MEF2A/D heterodimers in skeletal muscle, MEF2A and MEF2D are subject to differential regulation by PKA ([@B10]), among other kinases, and MEF2D is differentially spliced in a skeletal muscle-specific manner ([@B26]), which together may explain the seemingly more dominant role of MEF2D in regulating *Dusp6* in MB. It is also critical to recognize that the majority of MEF2A target genes identified in CM and MB are not shared. This could be explained by differential upstream signaling, different co-factor interactions, and chromatin accessibility. Although the majority of target genes between CM and MB were different, the predominant transcription factor motifs and GO terms were largely similar indicating conservation of MEF2 function at the level of cellular processes. However, one exception to this is that MEF2A target genes in CM were associated with GO Biological Processes involving apoptosis and cell death. Currently, there is no direct evidence that MEF2 regulates apoptosis in CMs.

In terms of the global target gene network that we have identified, there are some results that surprised us. The first was that some distal MEF2 binding events were observed greater than 50 kb from the TSS. Similar to our findings, MEF2 binds to intra- and intergenic enhancer regions during cardiac hypertrophy ([@B67]). Together this indicates that MEF2 has an emerging role as a transcription factor that is able to regulate gene expression globally. Furthermore, MEF2A was recruited to different genomic regions in up- and down-regulated genes. An interesting possibility would be that the position of MEF2 recruitment relative to the TSS dictates its function as a positive or negative regulator of transcription. The second observation is that there are a number of genes that were up-regulated in response to MEF2A knockdown in MBs including *Tprg*, *Mctp2*, *Kitl*, *Prrx1* and *Dusp6*. Repression of these genes may not be solely regulated by MEF2 as AP-1 binding sites, which are associated with proliferation, are frequently found not only in MEF2 enriched binding sites (as reported here in both CM and MB) but also in MyoD target genes ([@B46]). AP-1 and MyoD are known to antagonize each other\'s function through direct protein--protein interactions ([@B68],[@B69]), and yet together, can also form MyoD-directed enhancers ([@B70]). Based on data presented here it is likely that MEF2 may either have a role in AP-1-MyoD-dependent gene expression, or AP-1 and MEF2 may function in combination and independently of MyoD to regulate developmental processes.

Using high-throughput genomic approaches we have identified a comprehensive list of MEF2 target genes in skeletal and cardiac muscle that will be further investigated in a variety of cellular contexts. Mechanistic smaller scale follow-up studies based on the high-throughput data have so far revealed the novel observation that MEF2 represses *Dusp6* in skeletal and cardiac muscle and this is p38MAPK-dependent in MBs. Understanding the global role of MEF2 in striated muscle gene expression has implications not only for our understanding of development, but also in contexts where the expression of developmental genes is recapitulated, such as in post-natal skeletal muscle regeneration and cardiac hypertrophy.
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